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Two main criticisms can be leveled against the standard methods of skin culture: they are 
poorly quantifiable and the cultured cell populations are heterogeneous. 
A new technique based mainly on enzymatic dissociation allows specific cell types to be ex-
tracted from the skin before cultivation. In this way, separate cultures of epidermal keratino-
cytes and dermal fibroblasts can be obtained from the same piece of skin. These purified sys-
tems have been used to study the kinetics of epidermal cell growth and to quantify the effect 
of various chemically defined substances on the growth and differentiation of keratinocytes. 
With further refinements in technique, purified populations of melanocytes can be extracted. 
The co-culture of pigmented melanocytes with albino keratinocytes has been proposed as a 
model to study pigment donation in vitro . 
The usual organ culture technique, including the use of large explants of skin immersed in 
the culture fluid, has been modified to show that adult human skin partially regenerates in 
vitro and that mitotic activity goes on for months in the regenerated epidermis. 
The use of nucleic acid hybridization techniques, combined with skin cell cultures from hu-
man tumors, opens new avenues of research on human cancer. 
Tissue culture replaces the passive description 
of the natural functioning of a given tissue with 
active experimentation which includes complete 
control of the environment in which the' tissue is 
maintained. 
The general idea is to remove from the body 
representative samples of the tissue under study 
and to keep them in artificial conditions. The 
problem is to ensure that these conditions are such 
that the cells of the cultured tissue can express 
their normal functions. This problem is still far 
from being solved in skin . Around 1950, surgeons 
expected biologists to provide them with billions of 
cultured epidermal cells to cover large burns [1]. 
This expectation is still being thwarted. There also 
was a time when it was thought that epidermo-
tropic viruses could be isolated easily and virus 
vaccines could be prepared from the cultivation of 
epidermal cells [2]. Yet, whenever epidermotropic 
viruses were isolated and vaccines were developed, 
they were not done on epidermal cells. In practice, 
tissue culture is used neither for the diagnosis nor 
for the treatment of such major problems of skin 
pathology as psoriasis and skin cancers. 
The aim of this paper is to review critically the 
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standard methods of skin culture and to show the 
improvements that changes in technique and 
methodology have brought about during the last 25 
years. We shall report four applications of these 
modified culture techniques: the first two will refer 
to the major dermatologic problems of psoriasis 
and pigmentation, the others to biologic questions 
of more general significance, regeneration and 
cancer. 
CRITICAL REVIEW OF METHODS OF SKIN CULTURE 
The usual methods of skin culture are based on 
the explantation in vitro of pieces of split-thickness 
skin (Fig. 1) , whose two major compartments are 
cells and an intercellular matrix. Depending upon 
the technique used, the cells either remain in the 
interior of the explant without disrupting their 
contacts with the surrounding matrix or migrate 
out of the explant and lose these contacts . The 
term organ culture refers to the first technique, 
that of explant cell culture to the second. In the 
latter, the migrating cells are epidermal, dermal, 
or both. 
Two criticisms can be leveled against standard 
organ cultures . First, the cells cannot be observed 
in the living state because they remain in the 
interior of the explant. Even epiboly, which corre-
sponds to the migration of epidermal cells on and 
around the dermis, cannot be seen directly and all 
morphologic evaluations have to be made after the 
cultures have been fixed, embedded, and processed 
for histologic examination [3 J. Second, the ex-
plants must be small to allow nutrients and oxygen 
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FIG. 1. Usual methods of skin culture: the culture of 
skin explants. 
to penetrate quickly [4-8]. Because of their size, it 
is difficult to obtain biochemical data and quan-
tification is nearly impossible. 
Two technical changes in standard organ culture 
have been proposed in the recent past. One is to 
use a serum-free medium [9] since the intercellular 
matrix can provide epidermal cells with enough 
nutrients to ensure their growth and differentiation 
for several days. This is important in pharmaco-
logic testing because serum contains factors that 
may affect the behavior of keratinocytes and the 
quality of the serum varies from batch to batch. 
The second change is to culture large, instead of 
small, specimens. When these large fragments are 
immersed in the culture fluid according to the 
usual cell culture method (Fig. 1) [10,11]' the skin 
partially regenerates and it can be studied with the 
usual biochemical techniques. 
Standard epidermal explant cell cultures are 
also open to criticism on several counts. The 
cultures are heterogeneous. This would not be of 
great concern if the number of nonepidermal cells 
could be counted accurately in such a way as to 
make reproducible cultures, but such is not the 
case. In addition, the outgrowth of epidermal cells 
varies in thickness. Close to the explant, 5 or more 
layers of cell can be seen on vertical sections [12] 
whereas only a single I-ceIl-thick layer is visible at 
the edge of the outgrowing sheet . Because of these 
variations in thickness, accurate counts of mitosis 
can be obtained only in those parts of the culture 
composed of 1, 2, or maybe 3 layers of cells. 
Calculations of mitotic indices include errors 
which are difficult to measure. The same is true for 
tritium labeling since the 13 rays emitted by this 
t racer in autoradiography do not grow farther 
than Ill. 
A further problem is that the number of epider-
mal cells which are placed in culture can only be 
grossly evaluated. Also, all epidermal elements, 
whether or not they are differentiated, are intro-
duced into the culture vessel. If, as can be inferred 
from studies on in vivo homeostatic regulation of 
epidermal cells [13,14], differentiated elements 
exert an effect in vitro on the growth of the 
nondifferentiated cells, the inclusion of differenti-
ated epidermal cells in the culture system in-
troduces a problem which cannot be controlled. 
CULTURE OF SKIN 59 
Finally, dermal cells and intercellular matrix are 
introduced into the culture vessel along with epi-
dermal elements. Both can release various mac-
romolecules which can strongly affect epidermal 
cell metabolism in vitro as they do in vivo [15]. 
All these criticisms apply not only to older 
experiments (for review, see [2]) but also to the 
newer publications which do not solve these prob-
lems [16,17]. 
The problem of heterogeneity can be solved only 
when the skin is dissociated and the various cell 
types are isolated before cultivation. These cell 
types can be harvested as single-cell suspensions, 
cell counts can be made, and the degree of purity of 
the cell populations can be evaluated. 
To obtain cell cultures of regular thickness, it is 
mandatory to use a single-cell suspe~sion as cell 
seed. This allows a count of the cells which yield 
monolayer cultures for a given surface area. If 
multilayering does occur, it can be at least partly 
controlled since the number of seeded cells is 
reproducible. 
Differentiated cells should be eliminated and 
only basal cells should be cultured. The dermis 
should also be excluded from epidermal cell cul-
tures to eliminate dermal macromolecules. 
Following these principles, we have developed a 
dissociation method to culture purified monolayers 
of skin cells (Fig. 2). The epidermis is split from 
the dermis with trypsin [18-21]; the differentiated 





























FIG. 2. New method of skin cell culture: the primary 
culture of dissociated skin cells. 
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discarded; and the basal cells are harvested [23]. 
The purity of the epidermal suspension is high 
since the number of nonepidermal cells is less than 
1 per 1,000 [24-25] (Fig. 3). 
Refinements in technique allow melanocytes to 
be isolated from the epidermal cell suspension 
[2,26,27] to give >90% pure cultures of melano-
cytes (Fig. 4). Finally, cultures of dermal cells can 
be obtained by treating the dermis with col-
lagenolytic enzymes [23,28-30] (Fig. 5). 
The method of dissociated cell cultures offers 
two other experimental opportunities. First, one 
can make parallel cultures of skin cells of dfferent 
embryonic origin to detect possible tissue-specific 
reponses to exogenous factors. Second, each major 
skin cell type can be co-cultured with other cell 
types, either from the skin or from other sources, to 
allow cell interactions to be studied. 
APPLICATION TO DERMATOLOGIC PROBLEMS 
The method of dissociating skin before it is 
cultured has already been used to study the growth 
and differentiation of epidermal cells, an impor-
tant problem in the study of psoriasis. During the 
course of this disease, the epidermis undergoes two 
major changes: an increase in mitosis and a de-
crease in keratohyalin synthesis [31]. Dissociated 
epidermal cells in monolayer cultures, as in psoria-
sis, show an increase in mitotic rates of up to 30% 
[27] and an absence of keratohyalin synthesis [32, 
33]. Thus, dissociated epidermal monolayer cell 
cultures appear to be promising in the study of 
psoriatic epidermis . This is especially important 
because parallel cultures of epidermal keratino-
cytes and dermal fibroblasts can be made [23], a 
binary system in which each culture acts as the 
control of the other. Growth kinetics have been 
studied in a system of this kind [33], e.g., in 
plotting the ratios of thymidine incorporation and 
amino acids according to time (Fig. 6). 
Epidermal cell growth curves and those of der-
mal fibroblasts are about the same shape but lower 
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in the former. The susceptibility of epidermal cells 
to contact inhibition is less than that of fibroblasts, 
as the sharper declining phase of the curve in 
fibroblast cultures indicates. 
When skin aqueous extracts are added to the 
culture medium, the growth of epidermal cell 
cultures is inhibited [34-36], but the specificity of 
this inhibition is questionable [37]. Inhibition of 
mitotic activity has been demonstrated in stan-
dard epidermal cell cultures by various compounds 
including dibutyryl cyclic AMP, theophylline, and 
isoproterenol [38]. The effect of these compounds 
has also been tested in a binary culture system 
composed of dissociated epidermal keratinocytes 
and dermal fibroblasts [39]. All three chemicals 
strongly inhibited DNA synthesis in epidermal 
cells. However, isoproterenol had little or no effect 
on DNA synthesis in dermal fibroblasts, whereas 
dibutyryl cyclic AMP and theophylline inhibited 
it. This demonstrates the importance of using 
binary culture systems in selecting compounds 
which might act specifically upon epidermal cells. 
On the other hand, increased DNA synthesis can 
be induced in epidermal cells in culture with either 
vitamin A acid [40,41] or imidazole acetate [38]. 
Epidermal keratinocytes in situ synthesize tono-
filaments in low-level , nonkeratinized cells [42,43], 
and keratohyalin in high-level, keratinizing keratin-
ocytes [44-47]. In culture, keratinocytes synthe-
size tonofilaments, both in epithelial outgrowths in 
standard explant cultures [48-50] and in mono-
layer cultures prepared by dissociation [51,52]. 
Keratohyalin has been seen in outgrowths in stan-
dard explant cultures [38] but not in monolayer 
cultures [32,33]. However, some indication that 
keratohyalin synthesis may occur in monolayer 
cultures comes from recent studies in which dis-
sociated epidermal keratinocytes were allowed to 
aggregate [53] or to pile up as multilayered cul-
tures [54]. In these studies, the dense material seen 
under the electron microscope could be interpreted 
as keratohyaline granules. Recent investigations 
i"IGs. ;)-5. Application of the novel method of skin cell culture schematically described on Figure 2. Fig. 3: Adult 
guinea-pig epidermal keratinocyte culture after 5 days in vitro. The cells tend to form a coherent monolayer sheet. 
Clumps of dead (cornified?) cells are visible on top of the monolayer ( x 1l5). Number of seeded cells: 250,OOO/cm2. 
Fig . 4: Purified population of melanocytes in culture after 5 days. The epidermal cell suspension, initially composed of 
keratinocytes and melanocytes, has been treated with sodium citrate to prevent the attachment of keratinocytes but 
not of melanocytes ( x 1l5). Number of isolated melanocytes: 300/cm2. Fig. 5: Dermal fibroblast culture after 5 days 
in vitro ( x 1l5). Both the culture shown in Figure 3 and that in Figure 5 have been initiated from the same piece of 
skin. Number of seeded cells: 25,OOO/cm 2. 
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FIG. 6. Growth curve of epidermal keratinocytes 
(E .K.) and dermal fibroblasts (D.F.). 
on the effect of dibutyryl cyclic AMP on epidermal 
keratinocytes and dermal fibroblasts seem to sup-
port the assumption that keratinocytes in culture 
do not lose their ability to produce keratohyalin 
[55]. In these experiments , 5 different labeled 
amino acids-leucine, phenylalanine, histidine , 
arginine, and cystine-were incorporated in paral-
lel epidermal and dermal cultures. In control 
cultures , the rate of incorporation was similar for 
each amino acid. In cultures treated with dibutyryl 
cyclic AMP, the rates of incorporation of histidine , 
arginine, and cystine were 3 to 5 times higher in the 
keratinocytes than in dermal fibroblasts and in 
nontreated cultures. Leucine and phenylalaline 
incorporation, on the other hand, was the same in 
both cultures, as well as in treated and nontreated 
cultures. 
Since autoradiographic studies have indicated 
that tritiated histidine [56-58], arginine [56,57], 
dnd cystine [59] are preferentially incorporated 
,uto the granular layer and since [3H]histidine la-
:)eling is located on keratohyaline granules [60], di-
C) utyryl cyclic AMP may have induced keratohyalin 
·ynthesis in cultured epidermal cells. These exper-
ments indicate that a binary system based on 
-~ arallel cultures of dissociated epidermal keratino-
"ytes and dermal fibroblasts is valuable for study-
; ng the regulation of growth and differentiation in 
. pidermal cells by known chemical substances . 
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The method of skin dissociation before culture 
has also been applied to studies of the mechanism 
of pigment transfer. This process is achieved by the 
keratinocytes which phagocytose the tips of mela-
nocytic dendrites , both in vivo [61-63] and in vitro 
[64-68]. An in vitro system has recently been 
proposed for quantifying the process of pigment 
transfer [27]. In this study, epidermal cell suspen-
sions obtained from the black skin of a pigmented 
donor were treated (by adding such agents as 
citrate) so that melanocytes, but not keratinocytes, 
stuck to the culture substrate. Cultures were 
obtained which contained 90% or more melano-
cytes. After 5 to 7 days, another suspension of 
epidermal cells was prepared from the skin of an 
albino donor. When this unpigmented suspension 
was seeded on top of the pigmented melanocytes , 
the two came into contact and pigment was 
transferred to the keratinocytes. Because of the 
proliferation of keratinocytes , t he number of con-
tacts increased as a function of time. The number 
of albino keratinocytes which became pigmented, 
the actual result of pigment transfer, was not 
proportional to the number of contacts . Pigment 
transfer first increased, then declined (Fig. 7) . 
Such an experimental system offers a unique 
opportunity to study the effects of various chemi-
calor physical agents on one of the most important 
aspects of the mechanism of skin pigmentation . 
APPLICATIONS TO BIOLOGIC QUESTIONS OF 
GENERAL SIGNIFICANCE 
Organ cultures can be made of large skin frag-
ments. When such large explants of human skin (2 
x 2 or 2 x 3 cm) were placed on the bottom of a 
Petri dish and completely covered by an ordinary 
tissue culture medium (Fig . 8) , the explants under-
went a two-phase evolution . During the first , which 
lasted about 2 weeks , the epidermis became sepa-






























FIG. 7. Pigment donation. Pigmented melanocytes 
and albino keratinocytes co-cultured from 9 days. Per-
cent numbers of contacts between the two cell types are 
plotted as contact index. Percent number of pigmented 
keratinocytes (which represent the actual number of 
pigment donations) are plotted as transfer index. The 
contact index increases with time whereas the transfer 
index peaks at day 5 and then decreases . 
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FIG. 8. Organ culture of large skin fragments. This 
picture shows a piece of split-thickness adult human skin 
2 x 3 cm, stuck to a glass coverslip by means of a 
thrombin-fibrinogen clot. The coverslip with skin on top 
is immersed in an ordinary culture medium. The medium 
is changed twice a week. Pieces of this kind have been 
cultured for several months (up to 120 days). 
FIG. 9. Vertical histologic section of an organ culture 
of a large skin fragment at 5 weeks (x 45). 1: "Old" 
epidermis, that is, epidermis at the beginning of the 
culture which had lifted up after splitting from the 
dermis. 2: "New epidermis" which has regenerated. 3: 
Dermis . Inset: Enlargement of part of Figure 9 showing a 
metaphase in the regenerated epidermis ( x 180). 
epidermal and dermal, degenerated; only a few 
epidermal basal cells remained attached to the 
basement membrane [69] . The second phase, 
which began from the 3rd week and went on for 
months, was characterized by partial regeneration 
of both epidermis and dermis. 
About the end of the 3rd week, a complete sheet 
of epidermal cells covered the dermis. Regenerat-
ing epidermal cells divided actively and meta-
phases were observed during the 4 months in 
culture (Fig. 9). Mitosis occurred in a wave-like 
fashion, an indication that some homeostatic regu-
lation of epidermal growth operates in vitro (Fig. 
10). In addition to mitotic activity, there was some 
differentiation as the production of granular cells 
showed (Fig. 11). The numbers of these cells per 
surface length were plotted on the same histogram 
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as that of mitotic metaphases. The production of 
granular cells grossly paralleled mitotic activity 
(Fig. 10). 
In the dermis, after 4 weeks in culture (Fig. 12), a 
new population of cells was synthesizing connec-
tive tissue macromolecules. In preliminary studies 
which we have made in cooperation with R. 
Fleischmajer and J. Perlisch, we find no trace of 
glycosaminoglycans in the skin explants after 17 
and 25 days in culture. However, at days 33 and 49 
(i.e., after the appearance of the new population of 
dermal cells) there were small but definite 
amounts of glycosaminoglycans « 1 J,Lg GAG/mg 
dry wt). This, then, is a good system for studying 
the regeneration of human skin in vitro, since the 
fragments in which this regeneration occurs are 
large enough to make quantitative biochemical 
evaluations. 
Another example of the application of culture to 
biologic problems is that of skin cancers. Two 
directions have been particularly considered. In 
one, epidermal cells in culture are used to study 
the induction of malignant changes by chemical 
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FIG. 10. Mitotic activity and differentiation in organ 
cultures of large skin fragments. Mitotic activity ex-
pressed as the number of metaphases per 50 mm of 
surface length (solid rectangles) and differentiation ex-
pressed as the number of granular cells per 10 mm of 
surface length (empty rectangles) in three different series 
of experiments. Mitotic activity resumed in all 3 cultures 
after a phase of complete arrest which lasted about 2 
weeks. The production of granular cells paralleled grossly 
mitotic activity. 
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FIG. 11. Vertical histologic section of an organ culture 
of a large skin fragment at 5 weeks . The regenerated 
epidermis produce:; granular cells which are representa-
tive of in vitro differentiation ( x 180). 
FIG. 12. Vertical semi-fine section of an organ culture 
of a large skin fragment at 6 weeks. Large cells are visible 
in the dermis, which, morphologically, seem to be viable. 
Such cells were not found before the 4th week in culture 
( x 600). 
used to detect the viral origin of carc,inoma in man. 
Here, the experimental approach derives from the 
well-known studies by Shope of rabbit papillomas 
[70]. Inoculation of domestic rabbits with Shope 
papilloma virus results in papillomatous growths, 
some of which ultimately transform into invasive 
squamous cell carcinomas [71]. Benign papillomas 
contain numerous virus particles which can be seen 
with the electron microscope [72], but the malig-
nant lesions which evolved from these papillomas 
have none [73]. As a result of this "masking" 
phenomenon, the viral etiology of true carcinomas 
cannot be suspected unless the clinical evolution of 
the lesions is followed from the time of inoculation. 
Because of the close resemblance between human 
wart virus and Shope's papilloma virus [74-76], 
the fact that no virus particle can be detected in 
human skin carcinomas does not mean that the 
human wart virus must be ruled out as a causative 
-tgent. 
One may hypothesize that traces of the inducing 
"'irus persist in tumor cells but cannot be found 
r)ecause of the lack of adequate technology. Indeed, 
:' y masking the virus, we refer only to the fact that 
no virion can be seen with the electron microscope; 
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this means that the normal arrangement of viral 
DNA and capsidic proteins does not occur in the 
tumor cells. Therefore, one possible conclusion is 
that the tumor cell genome may contain viral DNA 
which does not fully express its coding capacities 
[77]. 
New methods, such as nucleic acid hybridiza-
tion, are used to detect viral DNA in the genome of 
a cell. The use of such hybridization techniques 
has already shown the persistence of human wart 
viral DNA in human cell cultures experimentally 
infected with this virus [78]. Thus, if some human 
cancers have anything to do with human wart 
virus, this may be detected by the combination of 
skin cancer cell cultures and hybridization tech-
niques. In fact, mounting evidence suggests that 
ordinary human warts can actually degenerate and 
transform into skin carcinoma at least in geneti-
cally cancer-prone individuals [79-81]. 
CONCLUSIONS 
Critical evaluation of the standard methods of 
skin culture has led to the conclusion that these 
methods had to be improved in terms of homoge-
neity and quantification. 
The technique of dissociating skin before culti-
vation to isolate specific cell types appears to be a 
major advance in the field. Enzymatic methods 
followed by purification techniques provide us with 
binary cell culture systems easily quantifiable 
through isotopic labeling. Such systems have nu-
merous pharmacologic applications in regulating 
the growth and differentiation of epidermal cells. 
The same rationale has already proved useful in 
the physiology of pigmentation, through the co-
culture of two purified populations of skin cells. 
This is only the beginning of a long series of 
experiments in which not only skin cell couples but 
also co-cultures of skin cells with other cell types 
will be studied, with particular emphasis on such 
immunocompetent cells as lymphocytes and mon-
ocytes. 
Efforts to increase the size of organ cultures have 
already yielded important data which show that 
adult human skin is capable of some regeneration 
in vitro and that biochemical quantification of this 
regeneration is feasible. Finally, when culture and 
hybridization techniques are combined, the role of 
epidermotropic viruses, such as the wart virus, in 
the induction of skin carcinoma will probably be 
clarified. 
Some of the experiments reviewed in this paper have 
been carried out in cooperation with J. J. Voorhees in 
Ann Arbor, Michigan, W. Epstein and K. Fukuyama in 
San Francisco, and Robert A. Good at the Memorial 
Sloan Kettering Cancer Center in New York. 
The technical assistance of Lilian Tang, Nina Lampen, 
and Joan Gedney, as well as that of M. F. Labiche, is 
gratefully acknowledged. 
Addendum 
Since this paper was submitted an interesting new 
method based on the co-cultivation with x-irradiated 
"feeder" mouse 3T3 cells has been proposed to culture 
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human keratinocytes (Rheinwald J, Green H: Cell 6:331-
344, 1975). 
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